We experimentally demonstrate an all-fiber ultrashort pulse amplification and compression system seeded by similaritons at an erbium-doped wavelength band. By optimizing the compressor, our system can generate 4.1 nJ, 75.6 fs pedestal-free pulses with 54 kW peak power. The corresponding spectrum width is 51 nm and has no spectral spikes. Such high-quality ultrashort pulses benefit from the linear chirp of similaritons. Furthermore, we experimentally demonstrate the variation of the similariton spectral width and compressed pulse duration to the amplifier gain, which is consistent with theoretical study.
INTRODUCTION
Since ultrashort pulses from a fiber oscillator usually contain low energy, chirped pulse amplification (CPA) is always needed to increase the pulse energy. However, CPA systems seeded by solitons usually suffer from large modulation on spectrum and pedestal generation [1, 2] . These two drawbacks greatly degrade the quality of the amplified pulses. Alternatively, the similaritons can effectively overcome the two disadvantages due to their linear chirp. No spectral modulation exists when the energy of similaritons is increased, and pedestal disappears when similaritons are compressed. Since similaritons are generated within normal dispersion cavities, they have been extensively studied around the 1060 nm band [3] [4] [5] . However, an all-fiber system is hard to be realized at the 1060 nm band, as bulk gratings are usually needed to compress similaritons. Similaritons are less studied in the 1550 nm regime, because the dispersion of single-mode fiber (SMF) is anomalous at this wavelength band. The pulses at the 1550 nm band are very important in many fields, such as optical communications, optical sensors, and so on. To the best of our knowledge, CPA systems seeded by similaritons have not been reported at 1550 nm so far.
In this work, we report an all-fiber similariton generation, amplification, and compression system at 1550 nm, to our knowledge for the first time. It is important to note that similaritons can be generated by inputting a pulse of arbitrary intensity profile to an amplifier with normal dispersion, which has been extensively studied [6, 7] . The difference between our study and the previous works is that our system is to amplify similaritons, in which the seed pulse is already similariton. We focus on the application of similariton to CPA systems. Previously, the seed pulse of CPA is soliton. Similariton is used as the seed pulse in CPA systems for the first time in our work. Advantages are obvious when the seed pulse is similariton instead of soliton. Though solitons can be shaped into similaritons, some parameters of the amplifier should be carefully optimized, such as the length of the Er-doped fiber (EDF) [8] . The maximum output power is also sensitive to the length of the EDF in the amplifier. Thus, the two requirements may be hard to be satisfied simultaneously. It becomes different when the seed pulse is similariton, as the only requirement is to get maximum output power in the amplifier. As a result, our output power is 193 mW, which is 15 times larger than that in [7] (12.5 mW).
Our laser system works totally on similariton operation, including similariton generation, amplification, and compression. We further optimize the compressor of the system, and 4.1 nJ, 75.6 fs pedestal-free pulses can be generated. In contrast to CPA systems seeded by solitons, a smooth spectrum without modulation and nearly pedestal-free pulses are generated in our system. It should be noted that there are several experimental results demonstrated that the pulses are indeed similaritons in our system. First, Kruglov et al. [8] has theoretically pointed out that the spectral width of similaritons has exponential dependence on the gain, and we demonstrate it experimentally for the first time. Second, the spectrum shows parabolic shape, which is the typical spectrum of similaritons [4] . Third, similaritons have linear chirp, and linear chirp of the pulse can be deduced from the fact that the pulse spectrum is not modulated and nearly pedestal-free pulses compressed by SMF appear in the autocorrelation trace. Moreover, the phase profile of the pulse is measured by a frequency-resolved optical gating (FROG), which is exactly quadratic corresponding to the linear chirp of similaritons.
Previously, duration tuning of a femtosecond source was mainly achieved by using a spectral filter to adjust the spectrum width, resulting in a desired pulse duration in an all-fiber system [9] , which increases the system complexity. In contrast, our system can emit femtosecond pulses with tunable duration by simply tuning the pump power of the amplifier. The duration can be adjusted from 113 to 513 fs. It is also worth mentioning that our system is based on all-fiber construction, which is hard to be realized at the 1060 nm regime.
SMF can be used to compress similaritons at 1550 nm [10] , which is crucial for constructing our all-fiber system. An all-fiber system is always preferable for its alignment free, stability, and simple-to-operate. Furthermore, our laser system is based on commercial fiber components, and neither largemode-area fiber nor photonic crystal fiber is used. The system is very attractive to applications.
EXPERIMENTAL SETUP AND PRINCIPLE
The oscillator shown in the left of Fig. 1 is a typical dispersion management ring cavity with net dispersion of 0.021 ps 2 , which is designed for similariton generation [10] . The ring cavity is made of 130 cm EDF, which is forward pumped by a 976 nm laser diode through a wavelength division multiplexer (WDM) pigtailed by 30 cm Nufern 980 fiber, 270 cm SMF. The group velocity dispersion (GVD) parameters of these fibers are −51 (EDF), 18 (SMF), and 4.5 (Nufern 980 fiber) ps=nm · km at 1550 nm, respectively. A 10% optical coupler (OC) after the EDF is to output the signal. A polarization-dependent isolator sandwiched with two polarization controllers (PC1 and PC2) is used as the mode-locking component in the cavity. Similariton generation becomes challenging in a laser as the evolution of their characteristics is monotonic, which cannot be self-consistent in a laser cavity. Some mechanism to reverse the evolution must be added. A filter can compensate the evolution, which has been demonstrated experimentally [10, 11] . It is to note that the spectrum filter is invisible in our laser formed by fiber birefringence and the polarizationdependent isolator [12] . The bandwidth of the filter can be tuned by rotating polarization controllers [12, 13] , which is helpful to similariton generation. The normal dispersion EDF and the invisible filter are the key components for similariton generation in our laser. The amplifier is shown in the right of Fig. 1 . Two 976 nm high-power laser diodes (720 mW and 600 mW) are employed to bidirectionally pump the amplifier through two WDMs directly spliced to both ends of the EDF. The EDF is the same as that in the oscillator, which provides gain as well as further stretches similaritons [3] to avoid nonlinear effects in amplification. An optical isolator is used to remove backscattering light. The compressor is made of SMF. Owing to their linear chirp, similaritons can be effectively compressed by SMF. Certainly, the lengths of the EDF in the amplifier and the SMF in the compressor should be well optimized.
EXPERIMENTAL RESULTS AND DISCUSSION
A. Pulses in the Oscillator Mode locking was initiated by nonlinear polarization rotation, which relies on intensity-dependent rotation of an elliptical polarization state in a length of optical fiber [14, 15] . With proper settings of the initial polarization ellipse and phase bias, pulse shortening occurs. The chirped pulse from the oscillator is 693.6 fs with 20 nm spectral width. Figure 2 shows the pulse spectrum in the oscillator fitted by parabolic (blue) and Gaussian (black) functions respectively [5] , and it can be seen that the parabolic fitting is closer to the spectrum than the Gaussian fitting, especially at pulse edges, indicating that the pulse is similariton rather than dispersion managed soliton whose spectrum is Gaussian shape. The phase profile of the pulse in the oscillator is measured by a FROG. The phase is exactly quadratic as shown in Fig. 3 , indicating a linear chirp of the pulse. Linear chirp is a distinguished characteristic of similaritons. In other words, the pulse is indeed similariton. The repetition rate is 47.6 MHz, and the average power is 6 mW.
B. Pulses in the Amplifier
The seed pulse is then input in the amplifier. Figure 4 shows that the output power increases with the pump power. The output power depends linearly on the pump power, which is only limited by the pump power of the amplifier. At first, only the forward pump is used. The backward pump is turned on when the forward one reaches its maximum power of 600 mW. As the backward pump is more efficient than the forward one [16] , the slope becomes higher after the backward pump is turned on, as seen in Fig. 4 . The maximum output power is 193 mW, and the single pulse energy is 4.1 nJ. The pulse spectrum is also monitored when the pump power in the amplifier is increased. It gets narrower as a result of absorption in the EDF. However, it becomes wider when the pump power of the amplifier is increased. The 3 dB spectrum width can be increased from 21.7 to 52 nm, which is shown by dots in Fig. 5 . The red curve is an exponential fitting, which shows that the spectral width has exponential dependence on the pump power. This fact is a strong evidence of similaritons, which has been theoretically pointed out by Kruglov [8] . Here, it is for the first time that we experimentally demonstrate this relationship. Figure 6 shows the typical spectrum under different pump power.
The similariton duration can be tuned in our system, which is based on similariton characteristics including linear chirp and gain-dependent spectrum width. The spectral width of similaritons can be found as [8, 17 ]
where, β s is the GVD parameter of EDF, γ is nonlinearity, A 0 can be approximately viewed as a constant in our system [8] , z is the length of EDF, g is the EDF gain. The chirp parameter C can be expressed as [17] 
where, β c is GVD parameter of SMF.l c is the characteristic length when the chirp is zero, τ c is the corresponding duration, τ s is the similariton duration after EDF, and is approximately a constant within the gain range in our experiment. The duration of similaritons compressed by SMF is [6, 8] 
where l is the optimized SMF length to compensate the linear chirp of similaritons when g is the maximum, and it is unchanged in the experiment. The spectrum width increases with gain increment from Eq. (1). The chirp parameter decreases with gain increment when gain increases to ∼0.75g max (g max is the maximum gain of the amplifier), according to Eq. (2). Finally, pulse duration decreases with gain increment according to Eq. (3). Thus, tunability is realized. Dots in Fig. 7 show the experimental results. The pulse duration decreases from 513 to 113 fs as the pump power increases, and it is well fitted by Eq. (3), shown in the red curve of Fig. 7 . In the beginning of the curve, i.e., when the gain is about 0.9-1.06, the pulse duration is nearly invariant as seen in the figure, as the chirp parameter increases with gain when gain is small. The parameters used for deriving the theoretical curves are as follows: l 2, z 5, β c 17 ps=nm · km, β s −51 ps=nm · km, γ 3 W −1 =km, which are close to the experiments. The curve is not well fitted when the duration approaches to 113 fs, because selfphase modulation is neglected in Eq. (3) and the bandwidth of EDF is finite. So simply tuning pump power can tune pulse duration in our system. It is the first time that such a high dynamic range of tuning the pulse duration is achieved in an allfiber femtosecond source. This tunability is based on linear chirp and gain-dependent spectrum width of similaritons. It is simply accomplished by tuning the pump power of the amplifier, which is much more convenient than previous methods based on inserting filters with different bandwidth. Recently, an all-fiber femtosecond source with tunable pulse duration was realized in a dissipative soliton laser directly [13] .
C. Pulses in the Compressor
The shortest pulse obtained above is 113 fs, which is a little chirped according to the spectral width (51 nm). We further optimize the compressor to get the shortest similaritons under the maximum pump power of the amplifier. Figure 8 shows the autocorrelation trace of the shortest pulse (black). The duration is 75.6 fs assuming a Gaussian shape. The red curve is the seed pulse with duration of 693.6 fs. The output power is 193 mW, and the corresponding peak power is thus 54 kW. Due to uncompensated nonlinear chirp by fiber compression, solitons with high peak power always show large pedestal in the autocorrelation trace [9] , and the pedestal can contain energy comparable to the main pulse. For example, 61%, 45% of the pulse energy is confined to the pedestal in [1] and [2] , respectively. In contrast, it is important that the autocorrelation trace is nearly pedestal-free shown in Fig. 8 . High peak power similaritons with nearly free pedestal in our system are very attractive for applications. Figure 9 shows the spectrum under the peak power of 54 kW. There is no spectrum modulation, but the soliton spectrum under this peak power usually gets strongly modulated as a result of nonlinear chirp [1] . This also benefits from the linear chirp of similaritons. Recently, spectrum modulation caused by modulation instability (MI) in dissipative soliton lasers was observed and studied when the power in the cavity was large enough [18] . Spectral sidebands are present in the spectrum, which limit the pulse duration. MI may also occur in similariton lasers and modulates the spectrum finally, which is currently undertaken. 
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CONCLUSION
In conclusion, we have demonstrated an all-fiber similariton generation, amplification, and compression system at the 1550 nm band. The peak power can reach to 54 kW, which is only limited by the pump power of the amplifier. Unlike solitons, similaritons with smooth spectrum and pedestal-free pulse can be realized. When a pump with higher power is used, higher peak power can be generated, which can be comparable to solid-state lasers.
